Objective: To evaluate the effect of an increased dietary intake of fruit and vegetables on susceptibility of LDL to oxidation in smokers and nonsmokers. Design: A descriptive and prospective study. Setting: Joseph Fourier University, Grenoble. Subjects: Volunteers were age and sex matched in the smoking and nonsmoking groups and were recruited by announcement.
Introduction
Recent interest has focused on the atherogenicity of modi®ed low-density lipoproteins (LDL). Modi®ed LDL are cytotoxic and thought to be involved in foam cell production (Yla-Hettuala et al, 1989; Scott, 1995) . Several lines of evidence indicate that the increased susceptibility of LDL to oxidation is associated with the severity of coronary atherosclerosis (Salonen et al, 1992) . Cigarette smoke is a source of free radicals (Zhang et al, 1995) and smoking habits could increase the concentration of modi®ed LDL (Frei et al, 1991) . This might be an important mechanism whereby smoking could accelerate atherogenesis. LDL oxidation in vitro has been described as a progressive process which is detectable after a depletion of the antioxidants in LDL particles and leads sequentially to LDL oxidation (Esterbauer et al, 1989a) . Beside vitamin E, the LDL molecule also contains carotenoids (Esterbauer et al, 1991) . Enrichment of LDL with b-carotene has been shown to protect LDL against oxidation (Jialal et al, 1991; Levy et al, 1995; Winklhoffer-Roob et al, 1995) . Smoking habits are associated with a lower carotenoid concentrations in plasma (Stryker et al, 1988) and smokers are a high risk group for cardiovascular disease (CVD) (Kannel et al, 1981; Street et al, 1994) . These observations suggest an increased utilisation of antioxidant carotenoids by radicals from tobacco and a possible link between a lowered carotenoid plasma level, smoking and LDL oxidation.
The present study was undertaken to investigate the effect of a carotenoid rich diet on LDL susceptibility to oxidation in relation with changes in plasma antioxidant composition and indices of oxidative stress, both in smokers and nonsmokers.
Many studies which have focused on the effect of supplements synthetic b-carotene on susceptibility of LDL to oxidation ex vivo failed to observe a protection (Reaven et al, 1993) . The contribution of lycopene, lutein and other carotenoids in relation to human diseases is often ignored since b-carotene is usually the only carotenoid taken into consideration. In our study the carotenoids were supplied by natural foods namely fruit and vegetables. These foods contain an interesting mixture of various carotenes and are the most important contributor of carotenoids to the typical human diet (Granado et al, 1992) .
Subjects and methods

Subjects
Twenty two subjects (11 men, 11 women) aged 25±45 y with serum cholesterol below 6.22 mmolaL and apparently healthy, were selected. All subjects were not currently receiving medication or nutritional supplements. Only those agreeing to comply with the protocol were accepted; they had option to withdraw at any time during study. The protocol was approved by the Scienti®c Committee of Protection for Medical Research of the A. Michalon Hospital (Grenoble, France). The volunteers were divided into two groups; smokers (S: n 11) and nonsmokers (NS: n 11).
Subjects included in group S had smoked at least 10 cigarettes/d for over 5 y and were still active smokers. None of the NS subjects had ever been a smoker.
Diet
All the volunteers (n 22) were asked to eat selected fruits and vegetables consumption according to our recommendations. Fruits and vegetables were selected to include as close as practicable an additional 10 mg b-carotene, 10 mg lycopene and 10 mg lutein per day. Amounts of nutrients were calculated using carotene composition values (Granado et al, 1992; Hart & Scott, 1995) . The source of additional b-carotene was mainly from carrots (150 gad), while lycopene was provided by pear tomatoes (200 gad) and lutein by french beans, cabbage andaor spinach (300 gad). Since the level of carotenoids in vegetables and fruit can vary widely depending of the items, we provided the volunteers with the selected food every two days in order to standardize the intake. This short period reduced seasonal variability in carotenoid content. However, besides carotenoids, the diet also provided other antioxidant phytochemical. We estimated (Hertog, 1992 (Hertog, , 1993 ) that the level of¯avonoids in the food was low for carrot and spinach (`10 mgakg) but slightly greater in tomatoes (50 mgakg), corresponding to a very small daily intake.
Volunteers were asked to answer a dietary record prior to supplementation and to keep a daily record of their food consumption during the study. These dietary records permit us to follow the compliance of our volunteers.
Sample collection
Blood was taken at baseline and at the end of two weeks after supplementation. Fasting blood was collected in EDTA vacutainers (15 ml) for cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides, apoB, apoA1, LDL susceptibility to oxidation and micronutrient assays or Liheparin tubes for GSH, MDA, thiol and carbonyl groups. Whole blood for GSH assays (400 ml) was immediately stabilised with 3.6 ml 6% (wav) metaphosphoric acid (HPO 3 ). After centrifugation red cells were dispensed for Cu,Zn-SOD and Se-GSHPx assays. All samples were frozen at 770 C until analysed.
Analytical method
Serum lipid levels
Fasting serum cholesterol and triglycerides were determined by enzymatic methods. LDL-cholesterol was derived by calculation, as total cholesterol minus HDL-cholesterol minus (triglycerides 6 0.46) (Friedwald et al, 1972) .
LDL susceptibility to oxidation
To isolate LDL from plasma we used the procedure described previously (Hininger et al, 1995) The LDL band was readily visible due to the presence of endogenous carotenoids. To minimize the contamination of the LDL fraction with albumin we proceeded to a second run at 4 C and 430 000 g for 1 h. The LDL preparation collected after the ®rst run was adjusted to a density of 1.063 gaml. After the second run the LDL fraction was recovered and dialysed thoroughly against three changes of buffer (0.01 molaL sodium phosphatea0.15 molal NaCl, pH 7.4) (PBS) containing 0.1 mgaml chloramphenicol which had been purged with nitrogen for 15 min before use. Times of dialysis were 2 h immediately after isolation, 16 h overnight and 2 h on the following day immediately before oxidation. Dialysis was performed at 4 C in darkness. The susceptibility to oxidation of the EDTA-free LDL solutions was assayed immediately as follows. The ApoB content was determined by immunoprecipitation (Kit Orion Diagnostic Town).
Oxidation of LDL was initiated by CuCl 2 using the method described by Esterbauer et al (1989a) . Freshly prepared EDTA-free LDL fraction was diluted in oxygensaturated PBS to obtain 1 ml containing 0.15 mg ApoB. Oxidation was initiated by the addition of 10 ml of 0.3 mM CuCl 2 and monitored to measure the production of conjugated dienes at 234 nm using a Kontron (Uvikon 930 town) spectrophotometer. Absorbance readings were made automatically every 4.5 min for 180 min at 37 C. The plot of absorbance against time was divided into three distinct phases, namely lag phase, propagation phase and decomposition phase, as previously described (Esterbauer et al, 1989b) . The lag time was expressed in minutes and the rate of oxidation calculated from the slope of the absorbance curve during the propagation phase and expressed as absorbance unitsamin. Duplicate samples of nonsmoking and smoking subjects were run simultaneously.
Oxidative stress parameters (1) Plasma concentrations of micronutrient assay: a,bcarotene, retinol, lutein, lycopene, retinol and a and b-cryptoxanthin, a,g-tocopherol were quanti®ed using the High Performance Liquid Chromatography (Thurnham et al, 1988) . (2) Thiol group assay: The concentration of plasma thiol groups was determined in 100 ml plasma, using 5,5 Hdithiobis (2-nitrobenzoic acid) to derivatize the thiol groups. Absorption was measured at 412 nm as described by Radi et al (1990) . (3) Carbonyl group assay: Plasma carbonyl content were quanti®ed by reaction with 2,4-dinitrophenylhydrazine (Sigma Chemical Co, via Coger, Paris, France) as previously described by Faure & Lafond (1995) . (4) Superoxide Dismutase Activity: Erythrocyte Cu-Zn SOD activity was measured after haemoglobin precipitation by monitoring the autoxidation of pyrogallol (Marklund & Marklund, 1974 (400 ml) was added to 3600 ml aqueous solution of metaphosphoric acid (6% wav). The mixture was centrifuged for 10 min at 4 C. The acidic, proteinfree supernatants were stored at 780 C until analysis. Total glutathione was determined by the modi®ed method of Akerboom & Sies (1981) . Glutathione was determined using enzymatic cycling of GSH by means of NADPH and glutathione reductase (GR) coupled with DTNB. To assay oxidized glutathione, GSH was masked by adding 10 ml of 2-vinyl-pyridine to 500 ml deproteinized extract adjusted at pH 6 with triethanolamine. (7) Measurement of MDA: After the reaction of MDA in plasma with thiobarbituric acid (TBA) at pH 6 and 100 C, the products were measured at 532 nm after separation by HPLC (Knight et al, 1988) .
Statistics
Results were expressed as mean AE s.d. Data were analysed using non-parametric methods differences between smokers and nonsmokers were tested for statistical signi®cance using the Mann±Whitney U-test. Initial baseline values and the changes in these values during the intervention period for the fruit and vegetable supplementation studies were compared by using the Wilcoxon signed rank test. The threshold for statistical signi®cance was set at P`0.05. Statistical analyses were performed on IBM PC computer (80386) using PCSM statistical software (Deltasoft, Meylan, France).
Results
Blood lipid
Serum total cholesterol, triglycerides, LDL-cholesterol and apoB were not signi®cantly different between the smokers and nonsmokers. HDL-cholesterol concentrations and apoA1 were signi®cantly lower in smokers (P`0.05). No signi®cant changes in lipid concentrations occurred within the groups during the supplement period (Table 1) .
LDL susceptibility to oxidation
Lag time and rate were not statistically different between the two groups at entry. After 14 d of supplementation (W2) the lag time before the onset of oxidation was signi®cantly lengthened (28% in NS, P 0.025 vs 14% in S groups P 0.05) ( Table 2) .
Oxidation indexes
We did not observe any signi®cant differences in the concentration of plasma CO, SH, MDA between the groups at W0 and after two weeks of supplementation. At W0 GPx was lower (P 0.05) whereas GSH was signi®-cantly higher (903 AE 156 vs 793 AE 194 mmolaL) in smokers. At W2, we observed a fall in the concentration of GSH in smokers (P 0.02). No statistical differences between the two groups for Cu, Zn-SOD before and after supplementation were observed. However a signi®cant increase in these measurements was noted after supplementation in nonsmoking groups (Table 3) . 
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Micronutrient status
W0: At baseline the plasma b-carotene, a-carotene, lutein and b-cryptoxanthin was lower in smokers than in the nonsmoking subjects. There were no differences for lycopene, a-and g-tocopherol or retinol between the two groups. W2: after supplementation a-and g-tocopherol remained unchanged but there was a signi®cant increase in a-carotene (17% in smokers and 21% in nonsmokers; P 0.025), b-carotene (14% in smokers and 12% in nonsmokers; P 0.05) and in retinol (11%, P 0.025) for nonsmokers and in lutein for smokers (10%, P 0.025) ( Table 4) .
Discussion
At entry (W0), this study con®rms a lowered carotenoid status in smokers, in agreement with previous studies (Stryker et al, 1988) and provides additional evidence that cigarette smoking may reduce serum concentrations of b-carotene. These data further show that serum concentration of a-carotene, a-and b-cryptoxanthin and lutein are low in smokers. While large differences in carotenoid status between smokers and nonsmokers might indicate that there is a less protection in smokers than in nonsmokers against free radical damage, we did not ®nd a signi®cant difference in LDL lag times or rate of oxidation between the two groups (Table 2 ). This observation has been previously reported by Princen et al (1992) who concluded that smoking did not alter the susceptibility of LDL to oxidation. More recently (Siekmeier et al, 1996) con®rmed that smoking is not associated with increased oxidizability of LDL in healthy men and women. All these results and ours do not indicate any increased susceptibility of LDL to oxidise in smokers.
Low levels of plasma b-carotene in smokers, and possibly other carotenes, might be also a protection against free radical damages since b-carotene has, paradoxically, also been shown to be prooxidant in some circumstances (Burton & Ingold, 1984; Chen & Loo, 1995) . Furthermore, we did not ®nd any signi®cant differences between smokers and nonsmokers in oxidative indices (Table 3) .
Surprisingly, smokers exhibited a higher blood GSH than nonsmokers. This increase might be explained by the lower plasma GPx concentrations in smokers. Lower GPx activity in smokers has been reported by others (Lloyd et al, 1983; Hoshino et al, 1990 ). An increased concentration of circulating oxidized LDL (Friedwald & Levy, 1972) and an enhanced leukocyte count (Corre et al, 1971) in smokers compared to nonsmokers might partly explain the higher concentration of whole blood GSH in this group since results showed that oxidized LDL stimulated de novo glutathione synthesis by macrophages and monocytes (Darley-Usmar et al, 1991; Gotoh et al, 1993) . After the carotenoid increased diet a decrease in GSH unrelated to an increase in GSSG could support the hypothesis of a lowered GSH synthesis in smokers, but the mechanism of this effect remains unclear. It is interesting to report here an animal study which showed that the glutathione content of atherosclerotic lesions in fat-fed rabbits was elevated when compared with control non-lesioned areas (Del Boccio et al, 1990) .
GSH is a powerful antioxidant which acts as substrate for GPx but can also act by itself as scavenger of free radicals. GSH is the major low molecular thiol weight compound in cells, and its role in protecting biomembranes and proteins against oxidative stress is well accepted (Meister & Anderson, 1983) . In smokers, the observed increase in GSH could re¯ect a possible protective adaptation to an enhanced production of oxygen radical species from the cigarettes as indicated by Stein et al (1990) . In addition, it has been reported that GSH reduces lipid peroxidation, protects protein thiols (Weiss, 1986; Di Mascio et al, 1991) and carbonyls (Reznick et al, 1992) and assists the regeneration of a-tocopherol (Vatassery et al, 1989) . So, the difference in blood GSH level between smokers and nonsmokers might help to account for the similar indices of oxidative stress (MDA, SH, vit E) in the two groups at baseline. We found no statistical difference in vitamin E between smokers and nonsmokers. In agreement with other results (Styker et al, 1988; Sanderson et al, 1995) , this could explain the similar level of plasma MDA in smokers and nonsmokers since vitamin E is known to be a highly ef®cient antioxidant, (Niki, 1987) . Concerning the LDL pro®le our study con®rms a slightly but signi®cant lower HDL-cholesterol and apo A1 in smokers (Allard et al, 1994) .
After 2 weeks (W2), we observed a protective effect of the supplementation whereas in epidemiological studies (Stahl, 1995) the biochemical evidence to suggest a protective effect of fruits and vegetables is lacking. The present study shows that natural fruit and vegetable supplementation protects LDL against oxidation. The susceptibility of LDL to oxidation was reduced in the two groups after the short period of fruits and vegetables supplement. An increase in the lag time as 14% in smokers and 28% in nonsmokers before the onset of oxidation might be of physiological signi®cance to reduce the oxidation of LDL and thus the development of atherosclerosis. Most of the circulating carotenes are found in LDL thus, plasma changes in carotenes will also re¯ect changes in LDL Effect of increased fruit and vegetable intake I Hininger et al carotenes (Bendich & Olsen, 1989; Esterbauer et al, 1989; Siekmeier et al, 1996) . Abbey et al (1995) showed a signi®cant correlation between the lag time and the LDL b-carotene content after supplementation by univariate analysis but not by multivariate regression analysis when plasma a-tocopherol had already been ®tted. Thus, the protective effect of b-carotene observed in vitro (Jialal et al, 1991) might also occur in vivo when a-tocopherol concentrations are low (Reaven et al, 1993; WinklhofferRoob et al, 1995) . Furthermore after b-carotene supplementation with pills the increase in serum b-carotene levels is larger (17 fold) (Van Poppel et al, 1992) than our results (a 2 fold increase). This discrepancy could account for the differences on susceptibility of LDL to oxidation between our results and theirs, since a so large serum increase could be not predictive of a bene®cial effect (Omenn et al, 1996; Albanes et al, 1996) . In this study plasma and LDL fatty acid composition was not modi®ed by the supplementation (data not shown) which rules out an hypothesis on different susceptibility of LDL to oxidation related to fatty acid composition (Thomas et al, 1994) .
In agreement with Walquist et al (1994) our results suggest that subjects with higher baseline carotenoid concentration (nonsmokers, in our study) tend to exhibit smaller increases in serum carotene concentrations compared to those with a lower baseline status, the smokers, in this study. Subjects who ingested vegetables and fruit to provide a moderate daily intake of carotenoids (30 mg) showed an increase in a-carotene of 106% in smokers (0.33 vs 0.16 mmolal) and 70% in nonsmokers (0.39 vs 0.23 mmola1). An increase in a-carotene was expected since a-and b-carotene are found together in foods. Plasma b-carotene increased both in nonsmokers (1.13 vs 0.95 mmolaL) and smokers (0.82 vs 0.58 mmolaL). Lutein concentration increased only in smokers, a group in which the plasma level was also lower at baseline. Lycopene in contrast was not statistically different between smokers and nonsmokers. Several reports described a positive relation between carotenoid intakes and serum concentrations, except for lycopene (Stryker et al, 1988; Carughi & Hopper, 1993) suggesting that lycopene may be a better indicator of a long term intake, rather than of a short term intake. For a-and b-cryptoxanthin, the selected food provided very little of these carotenoids. So it was not surprising to observe unchanged concentrations in plasma. Plasma retinol concentration in smokers was not signi®-cantly different from those of nonsmokers, in agreement with previous ®ndings (Faruque et al, 1995) . The plasma bcarotene concentration in nonsmokers rose strongly during the trial, thus conversion to retinol can be assumed in agreement with previous report (Napoli & Race, 1988) but not with others (Willett et al, 1983) .
Conclusions
This pilot study shows that an increased intake of a natural complex source of carotenoids from fruit and vegetables provides an advantageous alternative method rather than supplementing with manufactured b-carotene. Moreover, this type of supplementation avoids to produce a too large increase in plasma carotenoids which could be deleterious. The mixed carotenoid intake from fruit and vegetables increased plasma carotenoid concentrations and the resistance of LDL to oxidation both in smokers and nonsmokers. Carotenoids other than b-carotene may also offer protection against oxidative diseases. The protective effect of fruit and vegetables on susceptibility of LDL to oxidation may also be related to biological interactions between carotenoids and other antioxidants and a synergistic effect should also not be ruled out.
Since susceptibility of LDL to oxidation is a critical step in the atherogenesis, the results of this work suggest that daily consumption of a variety of fruits and vegetables is to be recommended and may remain the better way to reduce the risk of cardiovascular diseases both in nonsmokers and smokers.
